Edited by Michael Bubb NAB1 and 2 are coregulators for early growth response (Egr) transcription factors. The NAB1 nuclear localization signal (NLS) was previously described as a bipartite NLS of sequence R(X 2 )K(X 11 )KRXK. The sequence is conserved in NAB2 as K(X 2 )R(X 11 )KKXK; however, whether it functions as the NAB2 NLS has not been tested. We show that the KKXK motif in NAB2 is necessary and sufficient to mediate nuclear localization. Mutation of the KKXK motif to AAXA causes cytoplasmic localization of NAB2, while Lys/Arg-to-Ala mutations of the upstream K(X 2 )R motif have no effect. Fusion of the KKXK motif to cytoplasmic protein eIF2Be causes nuclear localization. Altogether, this study refines our knowledge of the NAB2 NLS, demonstrating that KKXK 343-346 is necessary and sufficient for nuclear localization.
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Keywords: early growth response; NGFI-A-binding protein; nuclear localization signal NGFI-A-binding proteins 1 and 2 (NAB1 and NAB2) are evolutionarily related transcriptional coregulators for three members of the early growth response (Egr) family of transcription factors-Egr1 (aka, NGFI-A and Krox-24), Egr2 (aka, , and Egr3 (aka, PILOT) [1] [2] [3] . Egr1-3 play roles in a variety of cell behaviors including proliferation, differentiation, and apoptosis in a cell type-and stimulus-specific manner [4] [5] [6] [7] [8] [9] [10] [11] [12] . They also play critical roles in the mammalian nervous system: Egr1 and 3 contribute to learning and memory through regulation of genes involved in synaptic plasticity and long-term potentiation [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ; Egr2 controls peripheral nerve myelination through regulation of myelin-associated genes in Schwann cells [28] [29] [30] [31] [32] [33] [34] [35] and hindbrain development through regulation of Hox gene expression [36] [37] [38] [39] [40] [41] . A critical role for NAB1 and 2 in these processes is best established for peripheral nerve myelination mediated by Egr2, demonstrated by overlapping phenotypes in Egr2-null versus NAB1/NAB2 double-null mice. exhibit severe congenital hypomyelination of peripheral nerves and arrested maturation of Schwann cells at the promyelinating stage [34, 42] . In addition, several Egr2 mutations are associated with human peripheral neuropathies [43] [44] [45] , one of which (substitution of isoleucine-268 with asparagine) disrupts NAB binding and its coregulation of Egr2 target genes.
The effect of NABs on Egr-mediated gene regulation varies in a gene-specific manner. Binding of NABs to Egr1-3 represses activation of most Egr target genes thus far examined [2, 3, 46, 47] ; however, NAB binding potentiates activation of some Egr target genes, including luteinizing hormone b, fas ligand, and IL2 [1, 48] . The mechanism(s) by which NABs repress Egrmediated transactivation involves their binding and recruitment of the nucleosome remodeling and deacetylase (NuRD) complex through protein-protein interactions with the NuRD subunit CHD4 [49] . The mechanism(s) through which NABs potentiate Egrmediated transactivation has not been determined.
NAB1 and 2 bind Egr1-3 through a conserved amino-terminal domain termed NAB conserved domain 1 (NCD1), which binds the conserved R1 domain of Egr1-3 [2] . NAB1 and 2 share a second conserved domain, NCD2, that mediates transcriptional repression through an uncharacterized mechanism [46] . The carboxy terminus of NAB2 comprises another repression domain termed CID (CHD4-interacting domain) that is functionally separate from NCD2 and mediates repression via protein-protein interactions with CHD4 and recruitment of NuRD [49] . NAB1 can also interact with CHD4; however, it lacks sequence similarity to the NAB2 CID and its region of CHD4 interaction has not been examined.
The NAB1 nuclear localization signal (NLS) was previously localized to a 32-amino-acid region located C-terminal of NCD2 that is necessary for NAB1 nuclear localization and sufficient to direct the protein b-galactosidase into the nucleus [46] . The region contains the sequence R(X 2 )K(X 11 )KRXK, which may function as a bipartite NLS; or alternatively, the KRXK may function as a monopartite NLS. The NAB1 NLS sequence is conserved in NAB2 as K(X 2 )R (X 11 )KKXK; however, whether the sequence mediates NAB2 nuclear localization has not been tested. This study characterized sequences in NAB2 that mediate its nuclear localization and determined that the KKXK motif that aligns with the NAB1 KRXK motif is necessary for NAB2 nuclear localization, while the K(X 2 )R motif situated 11 residues upstream is not. In addition, fusion of a short peptide containing the KKXK motif to the cytoplasmic protein eIF2Be is sufficient to redirect the protein into the nucleus. Altogether, this study refines the location and composition of the NAB2 NLS and demonstrates that its KKXK motif is necessary and sufficient for nuclear localization.
Materials and methods

Cell culture
Human H4 neuroglioma cells, human HeLa adenocarcinoma cells, and mouse N2a neuroblastoma cells were maintained in growth medium consisting of Dulbecco's modification of Eagle's medium (DMEM) supplemented with 10% FBS at 37°C, 10% CO 2 .
Plasmids, site-directed mutagenesis, and molecular cloning A pJDM-NAB2 expression construct was received as a gift from Jeffrey Milbrandt (Washington University in St. Louis) which encodes a 492 amino acid NAB2 protein of human origin that begins at the NCD1. A pcDNA3-FLAG-eIF2Be [343] [344] [345] [346] is an essential element of the NAB2 NLS. (A) NAB2 contains two sequences that match consensus sequences for classical NLSs; the first matches the bipartite consensus sequence and spans amino acids 263-277 within NCD2, while the second matches the monopartite sequence and spans amino acids 343-346 between NCD2 and CID. Underlined residues denote the lysine and arginine residues with positioning that matches classical NLS consensus sequences. To examine NAB2 localization in cells, an expression construct encoding a NAB2-GFP fusion protein was generated, along with NAB2-GFP mutant constructs in which Lys/Arg-to-Ala mutations were introduced into the putative NLSs. (B) H4 cells were co-transfected with expression constructs encoding DsRed + wild-type, A275-277 mutant, or A343/344/346 mutant forms of NAB2-GFP, and then fixed and stained with DAPI 1 day post-transfection for fluorescence microscopy. Full field of view micrographs that were captured with a 409 objective for DsRed, GFP, and DAPI fluorescence are shown for each transfection, in addition to a merge of GFP + DAPI fluorescence. For each field of view micrograph, a zoomed image of an individual cell is shown underneath; the white box in each field of view indicates the cell shown in the zoomed image. A curved arrow next to a white box indicates the direction that the zoomed image is rotated. A minimum of 100 cells for each transfection were scored to quantify the portion with nuclear versus cytoplasmic NAB2-GFP. The zoomed images indicate the percent of cells with the localization pattern shown (nuclear versus cytoplasmic). (C,D) HeLa and N2a cells, respectively, were treated and are presented as described for panel B. (E) K328 and R331 in NAB2 are conserved in NAB1 and may contribute to NAB1 nuclear localization. Lys/Arg-to-Ala mutations were introduced at K328 and R331 in NAB2-GFP to determine if they contribute to NAB2 nuclear localization. Localization of the mutant A328/331-NAB2-GFP was examined in H4 cells as described for panel B. To generate the pNAB2-GFP fusion construct, site-directed mutagenesis was conducted on pJDM-NAB2 to change the NAB2 stop codon from TGA to GGA and the mutant cDNA was sub-cloned into the HindIII and BamHI sites of pEGFP-N3 vector (Takara, formerly known as Clontech, Mountain View, CA, USA). The A275-277, A343/344/346, R64A/R65A, R104A/K105A, K239A/K240A, R263A/ K264A, and R306A/R307A mutants of NAB2-GFP were each generated by site-directed mutagenesis on pNAB2-EGFP. To generate the NAB2-GFP truncation constructs, site-directed mutagenesis reactions were conducted on pNAB2-GFP to generate four mutant constructs with EcoRI sites at NAB2 codons 2-3 plus 101-102, 2-3 plus 201-202, 2-3 plus 301-302, and 2-3 plus 401-402. The mutant constructs were then digested with EcoRI to excise the corresponding insert and the linearized vector was ligated to generate pNAB2 D100 -GFP, pNAB2 D200 -GFP, pNAB2 D300 -GFP, and pNAB2 D400 -GFP. The A343/344/346-NAB2 D300 -GFP mutant was generated by site-directed mutagenesis on pNAB2 D300 -EGFP. To generate the pcDNA3-FLAGeIF2Be-GFP construct, site-directed mutagenesis reactions were first conducted on pcDNA3-FLAG-eIF2Be to change the stop codon from TGA to GAA and on pEGFP-N3 to introduce a NotI site at the 5 0 end of the GFP cDNA. The GFP cDNA was then sub-cloned into the NotI site at the 3 0 end of the mutated pcDNA3-FLAG-eIF2Be construct to generate pcDNA3-FLAG-eIF2Be-GFP. To generate the pcDNA3-FLAG-NAB2 340-350 -eIF2Be-GFP construct, sitedirected mutagenesis was conducted on pcDNA3-FLAGeIF2Be-GFP to introduce an AgeI site in-between the FLAG tag and eIF2Be cDNA and oligonucleotides coding for NAB2 amino acids 340-350 flanked by AgeI sites were designed, purchased (Integrated DNA Technologies, Skokie, IL, USA), and annealed. The pcDNA3-FLAG-AgeIeIF2Be-GFP construct and AgeI-NAB2 340-350 -AgeI doublestranded oligonucleotide were then digested with AgeI and ligated to generate pcDNA3-FLAG-NAB2 340-350 -eIF2Be-GFP.
Transfections and fluorescence microscopy About 1 9 10 5 cells were plated on poly-L-lysine coated cover slips in six-well plates on day 1 and transfected on day 2 using TransIT-LT1 (Mirus, Madison, WI, USA, catalog # MIR 2300) according to the manufacturer's instructions. On day 3, cells were fixed in 4% formaldehyde/PBS for 10 min at room temperature, permeabilized in 0.5% Triton X-100/PBS for 10 min at room temperature, and mounted onto glass slides with VECTASHEILD hardset mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA, catalog # H-1500). Samples were examined and fluorescence micrographs captured using a Nikon Eclipse Ni-E fluorescence microscope equipped with a DS-Qi1 digital camera (Nikon, Tokyo, Japan). For each transfection, at least 100 transfected cells were scored for nuclear or cytoplasmic localization of the respective GFP fusion protein.
Statistical analysis
To determine if the partial effects of the A263/264 and A306/307 mutations on NAB2 localizaiton were statistically significant, chi-square tests of independence (i.e., contingency table analyses) were used to test for differences in frequencies of nuclear versus cytoplasmic localization. Two analyses were conducted: one including mutations A64/65, A104/105, A239/240, and A263/264, and the other including mutations A64/65, A104/105, A239/240, and A306/307. If the overall contingency table indicated there were significant differences in localization among mutants at a confidence level of a = 0.05, standardized residuals were used to identify which particular frequencies were significantly different than expected based on row and column totals.
Results and Discussion
While the region containing the NAB1 NLS was previously described and the corresponding sequence is conserved within NAB2 [46] , we began this study by examining NAB2 anew for segments that match the consensus sequences for classical monopartite (K-K/ R-X-K/R) or bipartite ((K/R)(K/R)X 10-12 (K/R) 3/5 ) NLSs [50] , of which there are two (Fig. 1A) . The first is a putative bipartite sequence RK(X 10 )KRR that was previously noted [51] and spans amino acids 263-277 within NCD2; the second is a putative monopartite sequence KKXK and spans amino acids 343-346 between NCD2 and CID. The putative monopartite sequence is conserved as KRXK within the NAB1 region that mediates its nuclear localization and is the C-terminal motif of the putative bipartite NLS K(X 2 ) R(X 11 )KRXK previously described [46] . To determine if either of these putative NLSs are necessary for nuclear localization of NAB2, Lys/Arg-to-Ala mutations were introduced into a NAB2-GFP expression construct (Fig. 1A) and their effects on NAB2 localization were examined by transient transfection and fluorescence microscopy. More specifically, H4 cells were co-transfected with DsRed + wild-type, A275-277 mutant, or A343/344/346 mutant forms of NAB2-GFP, and then fixed and stained with DAPI 1 day post-transfection for fluorescence microscopy (Fig. 1B) . A minimum of 100 cells for each transfection were then scored to quantify the portion with nuclear versus cytoplasmic NAB2-GFP. DsRed was detected in both the cytoplasm and nucleus; since DsRed monomers are 28 kD in size, its presence in the nucleus was likely due to diffusion of DsRed monomers through the nuclear pore complex, as proteins < 40 kDa can diffuse through the nuclear pore [52] . Wild-type NAB2-GFP was detected exclusively in the nucleus in the vast majority of cells (99% compared to 1% in which cytoplasmic NAB2-GFP was observed), as expected, and was clustered into numerous puncta. NAB2 can form multimers via NCD1-NCD1 interactions [53] , which may account for the clustering of NAB2-GFP. In addition, multimerization can occur between exogenous and endogenous protein [53] , suggesting that the puncta likely contain exogenous and endogenous NAB2. We have detected endogenous NAB2 in H4 and HeLa cells by western blot (data not shown), but have not examined endogenous NAB2 expression in N2a cells. Similar to wild-type, A275-277-NAB2-GFP also localized largely to the nucleus in a punctate pattern, whereas the A343/344/346 mutations resulted in largely cytoplasmic localization of NAB2-GFP puncta. The same experiment was also conducted on HeLa (Fig. 1C) and N2a (Fig. 1D ) cells, which yielded the same results-wild-type and the A275-277 mutant NAB2-GFP both localized mostly to the nucleus in a punctate pattern, whereas the A343/344/346 mutant NAB2-GFP localized largely in the cytoplasm also in a punctate pattern. The lack of 100% NAB2-GFP localization to the nucleus (for wild-type and the A275-277 mutant) or cytoplasm (for the A343/344/346 mutant) in most samples is likely an artifact of overexpressing NAB2-GFP. Altogether, the data in Fig. 1 indicate that the sequence KKXK 343-346 within NAB2 is necessary for its nuclear localization.
Since the KKXK 343-346 motif in NAB2 is conserved in NAB1 as the KRXK and was proposed as the Cterminal motif of the NAB1 biparite NLS R(X 2 )K (X 11 )KRXK [46] , we examined whether the K(X 2 )R 328-331 motif located 11 residues upstream of KKXK 343-346 in NAB2 contributes to NAB2 nuclear localization. A double Lys/Arg-to-Ala substitution was introduced at the K(X 2 )R motif in NAB2-GFP to generate A328/ 331-NAB2-GFP (Fig. 1E) , which had no effect on the nuclear localization of NAB2. These data indicate that K(X 2 )R 328-331 do not comprise a bipartite NLS with KKXK 343-346 in NAB2.
While bipartite NLSs most often fit the consensus sequence (K/R)(K/R)X 10-12 (K/R) 3/5 , examples with longer linker sequences between the N-terminal (K/R) (K/R) and C-terminal (K/R) 3/5 have been described [54] [55] [56] [57] . NAB2 contains five sites with adjacent (K/R) (K/R) that are greater than 12 residues N-terminal to KKXK 343-346 , four of which are conserved in NAB1 ( Fig. 2A) . To determine if those sites contribute to NAB2 nuclear localization, double alanine mutations were introduced at each site in NAB2-GFP and their effects on NAB2 localization were examined in H4 cells. Similar to wild-type and A275-277-NAB2-GFP, the A64/65, A104/105, and A239/240 mutants were detected exclusively in the nucleus in greater than 90% of cells (Fig. 2B-D) , indicating that the corresponding residues do not constitute a bipartite NLS with KKXK 343-346 . In addition, A64/65-NAB-GFP formed a diffuse pattern in contrast to the other mutants. An Arg-to-Ser mutation in NAB1 at the site corresponding to R65 in NAB2 was previously shown to disrupt NCD1-NCD1 interactions [53] , which likely accounts for the diffuse pattern of A64/65-NAB2-GFP.
The A263/264 and A306/307 mutations exhibited partial effects on NAB2-GFP localization (Fig. 2E-F) . A263/264-NAB2-GFP was detected exclusively in the nucleus of 81% of cells, and also in the cytoplasm of 19% of cells. Similarly, A306/307-NAB2-GFP was detected exclusively in the nucleus of 59% of cells, as compared to 41% of cells in which it was clearly present in the cytoplasm (subpanel ii in Fig. 2F provides an example of the mixed localization observed in cells with cytoplasmic NAB2-GFP). Given the partial effect of the A263/264 and A306/307 mutants, their Fig. 3 . NAB2-GFP truncation mutants that retain KKLK 343-346 retain nuclear localization. H4 cells were co-transfected with expression constructs encoding DsRed + wild-type (A), NAB2 D100 -GFP (B), NAB2 D200 -GFP (C), NAB2 D300 -GFP (D), NAB2 D400 -GFP (E), or A343/344/346-NAB2 D300 -GFP truncations (F). One day after transfection, the cells were fixed, stained with DAPI, and mounted onto slides for fluorescence microscopy. Full field of view micrographs that were captured with a 409 objective for DsRed, GFP, and DAPI fluorescence are shown for each transfection, in addition to a merge of GFP + DAPI fluorescence. For each field of view micrograph, a zoomed image of an individual cell is shown underneath; the white box in each field of view indicates the cell shown in the zoomed image. A curved arrow next to a white box indicates the direction that the zoomed image is rotated. A minimum of 100 cells for each transfection were scored to quantify the portion with nuclear versus cytoplasmic NAB2-GFP. The zoomed images indicate the percent of cells with the localization pattern shown (nuclear versus cytoplasmic). statistical significance was evaluated by chi-square contingency table analyses. When compared to mutations A64/65, A104/105, and A239/240, the A263/264 cells exhibited cytoplasmic localization of NAB2 significantly more frequently than expected by chance (v 2 = 13.83, df = 3, P = 0.003, standardized residual = 3.0). Similarly, when compared to mutations A64/65, A104/105, and A239/240, the A306/307 cells exhibited significantly more frequent cytoplasmic localization (v 2 = 71.91, df = 3, P < 0.001, standardized residual = 6.7) and significantly less frequent nuclear localization (standardized residual = À2.8) than expected by chance. Altogether, the data in Figs 1 and 2 indicate that KKXK 343-346 functions as the NAB2 NLS; however, there may be physiologic conditions where RK [263] [264] or, more likely, RR 306-307 also contribute to NAB2 nuclear localization.
While the simplest explanation for the cytoplasmic localization of A343/344/346-NAB2-GFP is that KKXK 343-346 constitutes the NAB2 NLS, we considered the possibility that the mutations instead introduce structural changes in NAB2 that could make an NLS elsewhere in the protein inaccessible or unrecognizable for nuclear import. More specifically, a series of NAB2-GFP truncation constructs were generated in which increasing increments of 100 amino acids were deleted from the NAB2 amino terminus (NAB2 D100 -, NAB2 D200 -, NAB2 D300 -, and NAB2 D400 -GFP) and then introduced into H4 cells by co-transfection with DsRed (Fig. 3) . If the NAB2 NLS is comprised of KKXK 343-346 , then we predicted that NAB2 truncation mutants that retain those amino acids will retain nuclear localization. Full-length NAB2-GFP again localized to the nucleus, as did NAB2 D100 -, NAB2 D200 -, and NAB2 D300 -GFP. While NAB2-GFP again clustered into puncta within the nucleus (Fig. 3A) , the truncation mutants all exhibited a diffuse pattern of localization ( Fig. 3B-E the hypothesis that the clustering of NAB2-GFP into puncta is due to NCD1-NCD1 interactions. In addition, the nuclear localization of NAB2 D300 -GFP (Fig. 3D ) versus the localization of NAB2 D400 -GFP throughout the cytoplasm and nucleus (Fig. 3E) provides further evidence that the NAB2 NLS is comprised of KKXK [343] [344] [345] [346] . NAB2 D400 -GFP is 370 amino acids with a predicted molecular weight of 41 kDa; thus, it is likely able to diffuse through the nuclear pore, accounting for its presence in the nucleus as well as cytoplasm. As expected, nuclear localization of NAB2 D300 -GFP was disrupted by lysine-to-alanine substitutions in KKXK [343] [344] [345] [346] (Fig. 3F) .
Lastly, since data in Fig. 1 demonstrate that KKXK 343-346 in NAB2 is necessary for its nuclear localization, we evaluated whether that sequence is capable of redirecting a cytoplasmic protein-the translation factor eIF2Be-into the nucleus. An eIF2Be-GFP fusion construct with an amino-terminal FLAG tag (FLAG-eIF2Be-GFP) was generated and NAB2 amino acids 340-350 were inserted in-between the FLAG tag and eIF2Be-GFP (Fig. 4) . FLAG-eIF2Be-GFP and FLAG-NAB2 340-350 -eIF2Be-GFP were then introduced into H4 cells by transfection and the cells were fixed and stained with DAPI 1 day later for analysis by fluorescence microscopy. FLAG-eIF2Be-GFP was detected in the cytoplasm, as expected; however, FLAG-NAB2 340-350 -eIF2Be-GFP was localized in the nucleus, demonstrating that the KKXK motif is sufficient to mediate nuclear localization.
In summary, our data provide evidence that the NAB2 NLS is comprised of the sequence KKXK that spans amino acids 343-346 (Fig. 5 ) based on three observations: (a) Lys-to-Ala mutations of the KKXK motif in a NAB2-GFP fusion protein resulted in cytoplasmic localization; (b) NAB2 truncation mutants that retain the wild-type sequence for amino acids 300-492 retain nuclear localization, while truncations that lack the KKXK motif do not; and (c) fusion of a short peptide containing the NAB2 KKXK motif to the cytoplasmic protein eIF2Be is sufficient to redirect the protein into the nucleus. In addition, mutation of two dibasic sites in NAB2-RK 263-264 and RR 306-307 -caused a partial mislocalization of NAB2-GFP to the cytoplasm, suggesting that there may be physiologic conditions where RK [263] [264] or, more likely, RR 306-307 also contribute to NAB2 nuclear localization. In addition, the NAB2 NLS may be functionally conserved in NAB1 based on combined data from this study and Swirnoff et al. [46] . The KKXK 343-346 in NAB2 shown here to be necessary and sufficient for nuclear localization is conserved in NAB1 as KRXK within the region that was shown to be necessary and sufficient for NAB1 nuclear localization by Swirnoff et al. (Fig. 5) . Overall, this study refines our understanding of the NLS that mediates NAB2 nuclear localization and, more generally the functional domains that mediate NAB2 function in cells.
NCD1
NCD2 CID Fig. 5 . Schematic representation of NAB1 and NAB2 proteins with sequences containing NLS elements aligned. NAB1 residues underlined and in blue font indicate amino acids previously described to compose a bipartite NLS. NAB2 residues underlined and in red fond indicate amino acids that compose its NLS based on this study.
